Background: The association between impaired lung function and diabetes risk has been established in the past, however the temporal and causal relationships between the two remain unclear. We assessed the relationship between baseline FEV 1 and FVC and risk of incident diabetes at different time intervals for participants in the Malmö Preventive Project cohort. Methods: Baseline lung function was assessed in 20,295 men and 7416 women during 1974-1992; mean age 43.4 ± 6.6 and 47.6 ± 7.8, respectively. Sex-specific quartiles of FEV 1 %predicted and FVC%predicted were created (Q4 = highest; reference). Follow-up time was divided into 10-year time intervals from baseline examination. Cox proportional hazards regression was used to assess the incidence of diabetes according to quartiles of FEV 1 and FVC%predicted, after adjustments for baseline glucose and potential confounding factors. Results: Over 37-years' follow-up there were 3753 and 993 incident diabetes events in men and women, respectively. When comparing FEV 1 %predicted in men (Q1 vs. Q4), the HR for diabetes was 1.64 (1.21-2.22) for events <10 years after baseline, 1.52 (1.27-1.81) for events 10-20 years after baseline, 1.39 (1.22-1.59) for events 20-30 years after baseline, and 1.46 (1.08-1.97) for events occurring >30 years after baseline. A broadly similar pattern was seen for FVC%predicted and for women. Conclusions: Low FEV 1 precedes and significantly predicts future diabetes. This risk is still significant many years after the baseline FEV 1 measurement in middle-aged men. These results suggest that there is a relationship between impaired lung function and diabetes risk beyond the effects of hyperglycemia on lung function.
Background
Poor lung function has been long found to have a relationship with important health outcomes beyond the effect of smoking [1] . One of these important relationships is the complex interaction between diabetes and lung function. Although cross-sectional studies have found that patients with diabetes tend to have poorer lung function than non-diabetics [2] [3] [4] [5] [6] , the temporality of a causal relationship has remained controversial in longitudinal studies. Some longitudinal studies have explored the relationship between diabetes and lung function decline later in life and found an association [3, 7] , whereas others have not [5, 8] . The proposed mechanisms have included microangiopathy of lung vasculature, chronic inflammation, autonomic neuropathy involving the lung, and loss of elastic recoil due to glycosylation of lung parenchyma, i.e. adverse effects of high glucose levels [9] . However, more recently poor lung function has been thought to be a potential novel risk marker for future diabetes and there have been a number of longitudinal studies that have explored poor lung function at baseline and the future risk of diabetes [10] [11] [12] [13] [14] [15] [16] [17] [18] . The relationship between impaired lung function and diabetes is important to explore as further understanding of this relationship can help inform strategies to impact the burden of significant conditions related to both poor lung function and diabetes, such as cardiovascular disease (CVD). Stratifying a long-term prospective analysis into different follow-up periods can help further understand the temporal relationship between diabetes and lung function.
We have previously used the Malmö Preventive Project (MPP) cohort to report that subjects with a moderately reduced forced vital capacity (FVC) at baseline run an increased risk of developing insulin resistance and diabetes after 14-years of follow-up [11] . The aim of the present longitudinal cohort study is to add clarity to the temporal relationship between poor lung function and diabetes in a prospective study from the general population. We aim to do this by firstly establishing if poor lung function (as defined by low %predicted forced expiratory volume in one second (FEV 1 ) or FVC) is a predictor of future diabetes and secondly if so, how long time-wise from the baseline lung function measurement this risk can be observed. As systemic inflammation is often thought to be a common factor that links both poor lung function and diabetes, we also aim to analyse if the relationship is affected by various inflammatory factors.
Methods

Study population
The study population for the present study is derived from the MPP. A total of 33,346 subjects (22,444 men and 10,902 women) participated in screening activities between 1974 and 1992 (attendance rate over 70 %), with an aim to screen a large population of middle-aged individuals and offer preventive treatment to any high risk individuals identified during screening. Complete birth cohorts, born between 1921 and 1949, were invited for health screening which included a physical examination, a panel of laboratory tests, spirometry and a selfadministered questionnaire.
The Health Service Authority of Malmö approved the screening program, and linkage with the national cause of death and patient registers was approved by the Regional ethics committee at Lund University. Men were mostly screened during 1974-82 and women were mostly screened during 1982-92. From the total study population those with a history of diabetes at baseline (prevalent diabetes) were excluded (n = 1173). Spirometry was performed in birth cohorts during most but not all screening time periods (94 % of men and 71 % of women underwent spirometry) however individuals were not selected based on symptoms or disease. Those with missing FVC or FEV 1 were then excluded (n = 4149) from the study. Individuals with missing information on baseline glucose (n = 120), height (n = 1), BMI (n = 2), erythrocyte sedimentation rate (ESR) (n = 58), smoking status (n = 5), cholesterol (n = 38), or information on family history of diabetes (n = 31) were also excluded. We also excluded individuals with an ESR ≥50 mm/h as this may indicate any specific inflammatory lung pathology (n = 58). The final study population thus consisted of 27,711 subjects (20,295 men and 7416 women).
Since diabetes develops gradually and can go undetected for a long time, we performed a subgroup analysis of individuals who were confirmed to be non-diabetic at least 10 years after the baseline screening. Between 1992 and 1994, the cardiovascular cohort of the Malmö Diet and Cancer study (MDC-CC) was performed, which included measurements of fasting blood glucose [19] . Of the 27,711 subjects in the present study, 2539 men and women participated also in the MDC-CC. Of them, 1530 individuals were examined at least 10-years after the initial screening in the MPP cohort and were non-diabetic when they were re-examined in the MDC study (i.e. fasting blood glucose <6.1 mmol/L, no self-reported diabetes or anti-diabetic medication). Figure 1 illustrates the flow of subjects through the study.
Baseline examinations
FEV 1 and FVC were measured using a Spirotron apparatus (Drägerwerk AG, Lübeck, Germany) carried out by trained nursing staff. One acceptable manoeuvre was required. FEV 1 and FVC were standardised for age and height using published equations derived from linear regression of never-smokers in the present cohort [20] [21] [22] .
The equations used for computing predicted values were as follows: In addition, we also tested the relationships with incidence of diabetes using published European prediction equations [23] in a sensitivity analysis.
Height (m) was measured using a fixed stadiometer; weight (kg) was measured using a balance beam scale. Blood samples were taken after an overnight fast and analysed using routine methods at the Department of Clinical Chemistry, Malmö University Hospital. ESR was determined according to the Westergren method. Information on smoking habits, alcohol use and use of anti-hypertensive medication or family history of diabetes was assessed in a questionnaire. Based on their responses to smoking habit questions, subjects were classified as never, former or current smokers. Alcohol abuse was assessed using a panel of nine questions related to alcohol use where >2 positive responses was considered problematic alcohol use [24] . In men, physical activity was assessed using a question "Are you mostly engaged in sedentary activity in your spare time?" Some questions were changed during the screening period. In women, physical activity was therefore assessed using the questions, "Are you engaged in physical activity (e.g., swimming, gymnastics, badminton, tennis, folk dance, running, etc.) 1-2 hours per week?" or "Do you usually get to do light physical exercise like walking or cycling (or other activities with similar effort) on a regularly weekly basis?". Low socioeconomic status was defined as Statistics Sweden socioeconomic index (SEI) group 11-36 (i.e. unskilled or skilled manual workers or low-level non-manual workers).
Information about inflammatory markers was available in a subgroup of 5133 men. Complement 3 (C3), fibrinogen, ceruloplasmin, haptoglobin, orosomucoid and alpha-1 antitrypsin were analysed using electroimmunoassay. This subgroup has been described in detail elsewhere [25, 26] .
Endpoint ascertainment
Prevalent diabetes was defined as a fasting whole blood glucose ≥6.1 mmol/L at baseline (corresponding to a plasma glucose ≥7.0 mmol/L), self-reported diabetes or diabetes medication according to the questionnaire, or any prior diagnosis of diabetes in the registers used for follow-up (see below). Individuals with prevalent diabetes (n = 1173) were excluded from all analyses. All subjects were followed from the baseline examination until first diabetes event, death, emigration, or last follow-up date (31 st December 2012), whichever came first. Incident diabetes was defined using the Malmö HbA 1c Register (MHR), the Swedish National Diabetes 
Statistical analysis
All statistical analyses were carried out using SPSS version 22.0 and STATA V.12.0. To assess the relationship between baseline lung function and incident diabetes according to different follow-up times, the follow-up period was divided into four time intervals: 0-10 years, 10-20 years, 20-30 years and >30 years. Only the first diabetes events were counted, i.e. an individual could only be a diabetes case in one of the four time periods. The follow-up time was limited to the maximum time for each time interval. For example, for the 10-20 years interval, all participants with a follow-up time >10 years were included but only diabetes events with first diagnosis between 10 and 20 years were included in the analysis and any follow-up time over 20 years was limited to 20 years only. Sex-specific quartiles of FEV 1 %predicted and FVC%predicted were created (1 = low lung function and 4 = reference). Variables with a positively skewed distribution were log-transformed (ESR). One way analysis of variance (ANOVA) and Pearson's chi-square test were used to compare baseline characteristics between subjects in quartiles of FEV 1 %predicted and FVC%pre-dicted. Cox proportional hazards regression was used to assess incidence of diabetes according to different quartiles of lung function with and without adjustment for potential confounding factors. Cox proportional hazards assumption was tested visually using Kaplan Meier plots and log-log plots for the overall follow-up time. Fine and Gray's proportional sub-hazards model was used to carry out competing risks regression to correct for the effect of deaths from causes unrelated to diabetes. Sub-hazard ratios for incident diabetes with deaths (with no diabetes diagnosis) as a competing event was obtained (adjusted for potential confounding factors).
Results
Subject characteristics are presented in Tables 1 and 2 . Those with poorer lung function reported a higher smoking prevalence in both men and women. Those in Q1 of FEV 1 %predicted had slightly higher BMI than those in Q4, and tended to be more physically inactive, have higher alcohol consumption and more likely to be on blood pressure (BP) medication. ESR and cholesterol levels were higher in Q1 vs. Q4 (p <0.001). Similar findings were seen for FVC%predicted (see Additional file 1: Table S1a and S1b).
Incidence of diabetes
Mean follow-up was 27 years for men and 26 years for women. During full follow-up, there were 3753 and 993 incident diabetes events in men and women, respectively. The mean FEV 1 %predicted values for those who developed diabetes during follow-up and those who did not were 93.0 and 95.9 % respectively in men, and 92.6 and 95.8 % respectively in women. The corresponding values for FVC%predicted were 94.9 and 97.6 % respectively in men, and 94.8 and 97.6 % respectively in women. Hazard ratios (HR) of incident diabetes by quartiles of lung function are shown in Tables 3 and 4 . For the overall follow-up time there was an approximately 40-50 % increase in adjusted risk of diabetes in Q1 of FEV 1 %pre-dicted and FVC%predicted relative to Q4; for both males and females (see Additional file 1: Table S2a and S2b for  FVC%predicted) .
HR for diabetes per 10 % decrease in FEV 1 %predicted for the overall follow-up time were 1.09 (CI: 1.07-1.11) in men, and 1.07 (CI: 1.03-1.11) in women. HR for diabetes per 10 % decrease in FVC%predicted were 1.10 (CI: 1.08-1.13) and 1.07 (CI: 1.03-1.11) in men and women, respectively.
We compared these results to those obtained from using European prediction equations for FEV 1 and FVC [23] (see Additional file 1: Tables S3 and S4 ) and found the results to be very similar to the results from our own MPP cohort prediction equations.
The adjusted sub-hazards ratio, taking into account deaths from other causes before a diabetes diagnosis occurred, remained significant in Q1 and Q2 of both FEV 1 %predicted and FVC%predicted in men and women for the overall follow-up period (see Additional file 1: Table S5 ). To assess the effect of inflammatory factors on the relationship between lung function and diabetes, a subanalysis was carried out on a smaller cohort of men with information on ESR, white cell count (WCC), complement C3, fibrinogen, haptoglobin, ceruloplasmin, alpha-1 antitrypsin and orosomucoid (Table 5 ). For the overall follow-up period, HR (Q1 vs Q4) was 1.36 (CI: 1.14-1.63) for FEV 1 %predicted after adjusting for risk factors. The HR decreased slightly, but remained significant, after further adjustment for inflammatory markers (1.29, CI: 1.07-1.54, p for trend ≤0.001). HRs were slightly lower for FVC%predicted but largely similar (see Additional file 1: Table S6 ).
There was no significant interaction between smoking status and FEV 1 %predicted (p = 0.49 for men and 0.11 for women) or FVC%predicted (p = 0.88 for men and 0.98 for women) over the entire follow-up time (see Additional file 1: Table S7a -S7d for a stratified analysis by smoking status).
To assess the relationship between an obstructive lung pattern at baseline and future risk of diabetes we carried out an analysis comparing those with FEV 1 /FVC <70 % to those with FEV 1 /FVC ≥70 % (see Additional file 1: Table S8 ). After adjustment the risk for diabetes did not remain significant for both men and women with an FEV 1 /FVC <70 % relative to those ≥70 %.
Since diabetes can go undetected for a long time, an additional analysis was performed in a subgroup of 1530 men and women who were (a) re-screened with a measurement of fasting blood glucose as part of the Malmö diet and cancer (MDC-CC) study cohort and (b) still free from diabetes after more than 10 years (mean 14.1 years, range 10-18.4) from initial screening in the MPP study. A total of 214 subjects developed diabetes after this re- 
Incidence of diabetes by length of follow-up
When stratified into follow-up time intervals, low FEV 1 %-predicted was found to be a significant risk factor for diabetes in men even after >30 years of follow-up (Fig. 2) Table S2a and S2b) and for women, although confidence intervals were larger for women.
Discussion
The temporal and causal relationship between lung function and diabetes has remained controversial in longitudinal studies. Our study explores the temporal relationship through stratified analyses based on follow-up time. The main finding was that the risk of future diabetes remains significant even after many years of follow-up from baseline poor lung function. Further adjusted for ESR (log transformed), WCC, Fibrinogen, complement C3, haptoglobin, ceruloplasmin, alpha-1 antitrypsin, and orosomucoid. *p <0.05 **p < 0.01. P value for trend calculated using cox regression models (1 d.f) Fig. 2 Hazard ratios for Q1 FEV 1 %predicted and incident diabetes for various follow-up times in males and females
In our study of 27,711 subjects followed over 36-37 years, FVC and FEV 1 were found to be powerful predictors of future diabetes, even following adjustment for baseline glucose levels and BMI. The mean baseline lung function was lower in those who then developed diabetes compared to those who did not. The differences were smaller than that reported previously [28] . However, since we report results from a longitudinal followup study of initially non-diabetic subjects, the results may differ from cross-sectional studies comparing diabetic cases and controls. In both men and women there was a high adjusted risk found even in non-smokers at certain time intervals (which was also higher than that of smokers during some time periods) confirming previous findings that the relationship of poor health outcomes associated with poor lung function goes beyond the effect of smoking [1, 29, 30] . As systemic inflammation has been thought to be a common cause of poor lung function and diabetes, we assessed this link using various inflammatory markers. Even following adjustment for these markers in a smaller cohort of men, there was still a 29 % increase in risk in Q1 of FEV 1 %pre-dicted. Our study findings also show that an obstructive lung phenotype at baseline (i.e. low FEV 1 /FVC) is not associated with future diabetes risk (Additional file 1: Table S8 ), whereas poor %predicted values of either FEV 1 or FVC continue to result in an increased diabetes risk even after many years duration. These findings are mirrored by other prospective studies where a reduction in FEV 1 and FVC at baseline but not the ratio of FEV 1 /FVC is associated with an increased risk of diabetes [14, 17, 18] .
There is a large body of studies that have assessed poor lung function in relation to diabetes or prediabetes risk [5, [10] [11] [12] [13] [14] [15] [16] [17] [18] [31] [32] [33] . There are substantial epidemiological implications of this association, in particular the possibility that diabetes and insulin resistance can explain the association between impaired lung function and the high risk of CVD and mortality [1, 34] . Our results have been in accordance with previous prospective studies that have assessed poor lung function and future risk of diabetes [5, 11, 14] and expand the results by exploring the increased risk over a long follow-up period.
The proposed mechanisms for the relationships between impaired lung function and diabetes include, for example, microangiopathy of lung vasculature, chronic inflammation, autonomic neuropathy, and loss of elastic recoil due to glycosylation of lung parenchyma, i.e., adverse effects of high glucose levels [9] . However, it seems unlikely that hyperglycaemia had major effects on lung function many years prior to the diagnosis of diabetes. Individuals with diabetes were excluded at baseline and in addition all results were adjusted for glucose at baseline. Our data suggest that there may exist a causal relationship between FEV 1 and diabetes risk beyond the effects of hyperglycemia on lung function.
It has been proposed the mechanism that may link poor lung function to diabetes risk include reduced physical activity often associated with poor lung function, which predisposes to weight gain leading to the development of metabolic syndrome [13, 35] . In our study, risks were found to be significant even following adjustment for physical activity as assessed by questions based on the proportion of sedentary time in men and participation in high and low intensity physical activities in women. Chronic inflammation is also often thought to be a common factor linking lung function and diabetes risk. When adjusting for inflammatory factors in our study, there was a small reduction in diabetes risk which still remained significant for both Q1 of FEV 1 %predicted and FVC%predicted suggesting that markers of inflammation may not fully explain the underlying mechanism linking lung function and diabetes.
The role of early life factors can also play a vital role in the association between poor lung function and diabetes. Foetal programming and detrimental early life factors such as low birth weight can affect lung development and the development of diabetes, as it has been found that low birth weight is associated with poor adult lung function [36] and the later development of type 2 diabetes [37] . This hypothesis has been tested in a study by Yeh et al. [14] and it was found that although low FVC%predicted was associated with low birth weight, the association between FVC%predicted and incident diabetes was mainly independent of low birth weight. However further studies testing the role of foetal programming beyond the role of birth weight may be necessary, for example the influence of prematurity or maternal smoking during pregnancy.
Common genetic determinants for diabetes and poor lung function could be another possible explanation for the increased incidence of diabetes. Several genetic markers have been found to be associated with poor lung function [38] . However, the effects of single nucleotide polymorphisms are usually weak and it is unlikely that these markers explain more than a minor fraction of the relationship between poor lung function and risk of diabetes. Although this was beyond the scope of the present study, it nevertheless could be an aspect of future observational studies assessing the relationship between poor lung function and diabetes.
Limitations
There are some methodological issues that need to be considered for this observational study. Firstly, the protocol was developed before the current guidelines for spirometry were developed. For example, no nose clips were used and only one acceptable manoeuvre of FEV 1 and FVC was carried out. Although trained nursing staff were used to carry out measurements, this could potentially result in measurement errors. Due to the long follow-up time there may be some characteristics that may have changed during 36-37 years of follow-up such as smoking status, BMI or the use of medications such as statins and corticosteroids along with additional comorbidities. The prevalence of smoking in Sweden decreased over the duration of this study [39] and we can assume that many smokers quit smoking during the follow-up. However, non-smokers that start smoking in adulthood are quite unusual [40] , so we do not anticipate that the relationship between poor lung function and diabetes was confounded by an increase in smoking habits during the study. Statin treatment and the use of oral corticosteroids may indeed increase the risk of diabetes in some individuals, however where possible we have tried to control for many of these effects by adjustment for factors such cholesterol levels and BMI but there may be some residual effect of changes in these factors over time that could affect the outcome in some subjects.
It is well known that type 2 diabetes can go undetected for a long time and it is not possible to establish the exact time of onset. The definition of diabetes has changed over time and before 1998, when the World Health Organization (WHO) recommendations were published [41] , plasma glucose ≥7.8 mmol/L was commonly used instead of the currently used cut-off of 7.0 mmol/L. This would increase incidence of diabetes during the last time periods. It is also possible that detection rates have increased due to increased awareness of diabetes in the health care organization. Also, the coverage of the registers used to identify new cases has improved over time, i.e. the first diagnosis of diabetes in our registers may not always represent the true onset of disease. However, in a subgroup analysis we found that reduced lung function was associated with future diabetes risk even in individuals whose blood glucose was normal more than 10 years (range 10-18 years) after the baseline examination. This strongly supports our conclusion that reduced lung function remains predictive for incident diabetes even after many years of follow-up.
Our findings were more statistically significant in men for trends across quartiles of both FEV 1 and FVC%pre-dicted and the risk of incident diabetes. However this can be due to statistical power as the population of women studied was much smaller. The point estimates were largely comparable in men and women.
We used various inflammatory markers to assess if a significant relationship between lung function and diabetes risk remains after taking systemic inflammation into account. Complement C3, WCC and fibrinogen have been associated with increased risk of diabetes and low lung function in previous studies [25, 26] . Although we included a wide range of inflammatory markers in the adjustment there may exist other important inflammatory markers, such as interleukin-6 (IL-6) and C-reactive Protein (CRP) [18, 42, 43] , that may be associated with poor lung function and diabetes. Therefore the role of inflammation cannot be fully excluded. Obesity has been thought to be an important factor in the relationship between poor lung function and diabetes. We did not adjust our findings for abdominal obesity using waist circumference, therefore our measures of obesity corresponds to over overall obesity alone. Both BMI and waist circumference are major risk factors for type 2 diabetes and although waist circumference is a somewhat stronger predictor for type 2 diabetes compared to BMI, prospective studies show that the effects of these risk factors are largely comparable [44, 45] .
Latent autoimmune diabetes in adults (LADA) is an additional important subgroup of adult diabetic subjects [46] and data on glutamic acid decarboxylase antibodies was not available for most cases. Even though a large majority of diabetes patients in this age group have Type 2 diabetes, and most cases with Type 1 diabetes were excluded from the study as prevalent cases, some incident cases were patients with LADA.
Conclusion
Low FEV 1 precedes and significantly predicts future diabetes, and the relationship is not fully explained by obesity, inflammation or smoking. This risk is still significant many years after the baseline FEV 1 measurement in middle-aged men. These results suggest that there is a relationship between impaired lung function and diabetes risk beyond the specific effects of hyperglycemia on lung function. Further work is needed to establish if early life factors or genetic factors affecting both lung growth and impaired glucose metabolism may be responsible.
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